An important issue in thermoelectric generators is the thermal design since it can really improve their performance by increasing the heat absorbed or dissipated. Due to its several advantages, compared to conventional dissipation systems, this work proposes a thermosyphon heat exchanger with phase change to be place on the cold side of thermoelectric generators. Some of these advantages are: high heat-transfer rates; absence of moving parts and lack of auxiliary consumption (because fans or pumps are not required); and the fact that these systems are wickless. This work presents a computational model developed to design and predict the behaviour of this heat exchangers. Furthermore, a prototype has been built and tested in order to demonstrate its performance and validate the computational model. It turns out that the model predicts the thermal resistance of the heat exchanger with a relative error in the interval [-8.09; 7.83] percent in the 95% of the cases. Finally, the use of thermosyphons with phase change in thermoelectric generators has been studied in a waste-heat recovery application, stating that including them on the cold side of the generators improves the net thermoelectric production by 36 % compared to that obtained with finned dissipators under forced convection. 
Introduction
The current energy situation, characterised by an increase in the energy consumption and the dependency on fossil fuels, has led several researches in order to improve the efficiency of the processes or to develop different ways for energy production, using, for instance, renewable sources. In this sense, thermoelectric generators (TEGs) can be used to produce electric energy from waste heat that, in other case, would be released to the ambient. This would increase the efficiency while using a free source of energy.
TEGs are made up of thermoelectric modules (TEM) based on the Seebeck effect, which are in charge of the transformation of heat into electricity; and heat exchangers, whose aim is to improve the efficiency of these devices. These exchangers have as purpose the reduction of the thermal resistances between the heat source and the hot side of the thermoelectric modules as well as that between the cold side of the modules and the ambient. In this way, the temperature difference between the hot and the cold side of the thermoelectric modules gets close to the maximum temperature gradient possible, which is the temperature difference between the heat source and the ambient, increasing the efficiency of the generator. The need to reduce these thermal resistances and to optimize the design of heat exchangers has been already proven [1, 2] .
A wide range of heat exchangers can be placed at the cold side of the modules in order to reduce the thermal resistance between this cold side and the ambient. Finned heat sinks are extensively used due to their simplicity as well as their relative low cost compared to other kind of heat exchangers. Working as active cooling systems, these dissipators can reach high cooling power rates [3] [4] [5] . Other kind of heat exchangers are the ones based on a liquid, such as water [6, 7] , which increase the performance of the system as they have higher convective coefficients. In these cases, there is an auxiliary consumption due to the electric power required to feed both the fans that make the air pass through the fins or the pumps that move the liquid inside the system [8] .
Nowadays, there is a deep research in heat exchangers with phase change that improve heat transfer even more, with a small temperature drop, due to the use of the latent heat of an internal fluid [9] . Heat pipes are the most common dissipators used of this range. They have an evaporator in contact with the cold side of the TEMs to absorb the heat that needs to be dissipated. This absorbed heat evaporates the fluid inside, which flows up to the condenser. Once up there, it condensates, as it releases the heat to the ambient, and it returns back to the evaporator. Some
TEGs applications use heat pipes with a fan to help the heat to be transferred from the condenser to the ambient [10] whereas others take advantage of the free convection to remove the fan auxiliary consumption [11] . In both cases, fluid flow is achieved without pumps just by capillary effect of the wick which is inside the evaporator. This allows a heat pipe to work in any orientation but introduces two drawbacks: the capillary pressure caused by the wick may not be enough to pump the liquid back to the evaporator and an extra thermal resistance must be taken into account due to the conduction through the wick [9] .
In order to avoid these inconveniences, this work presents the study of a wickless heat pipe applied to a TEG. Instead of using capillary effect, this device uses the thermosyphon effect, which takes advantage of density differences and gravity force to make the fluid flow inside the exchanger. It does not require any fan or pump to work; it just needs the evaporator to be below the condenser to allow the fluid drain back once it has been condensed. A thermosyphon with phase change (TSP) has -like a heat pipe-an evaporator, a vapor line, a condenser (composed by several finned tubes for the natural convection) and a liquid return line.
The main goal of this work is to design thermosyphons with phase change and study their performance as cold-side heat exchangers in TEGs, which, as they do not need any auxiliary consumption, could improve the net generation of electric energy.
For that, Section 2 describes a computational model that has been developed to predict the performance of thermosyphons with phase change. Section 3 presents a prototype designed, built and tested to prove the performance of these systems and to validate the model. Section 4 shows the experimental and simulated results obtained from the prototype and the computational model respectively. Section 5 presents a parametric study conducted for design and optimization of this kind of heat exchangers, and also a study of the improvement in the production of electricity using TEGs for waste heat harvesting from a chimney. A comparison has been made between the use of finned dissipaters and thermosyphons as cold-side heat exchangers. Finally, Section 6 collects the main conclusions of this work.
Computational Model
To study the use of thermosyphons with phase change in thermoelectric generators is necessary to, firstly, develop a computational model able to predict the behaviour of these heat exchangers.
The model must simulate their performance with enough accuracy and convergence rate, allowing the modification of dozens of parameters. This cannot be achieved using a CFD software [6] , due to its high computational cost, even when modifying one single parameter. Because of that, the finite-differences implicit method has been employed, which has been proven to be useful in not only this kind of TEG applications [12] but also in those of thermoelectric refrigeration [13] .
It has been also taken into account several phenomena that occur in TEGs, such as constriction and contact thermal resistances, and the disposition of the condenser tubes.
The finite-differences method requires the geometry of the device to be discretized, as Figure 1 displays. The thermal resistances that determine the heat transfer between all the nodes are obtained from the calculation of the boiling and condensation coefficients inside the evaporator and the tubes respectively, the heat conduction through the walls, and the constriction and contact thermal resistances. Then, the temperatures in the system can be calculated. 
Then, there is a heat conduction through the wall of the evaporator's base. This resistance is estimated according to Eq. (2) [14] .
Furthermore, other phenomenon takes place in this wall: the constriction. This term describes the situation where the heat flows out of a narrow region, the TEMs, into a larger cross sectional area, the evaporator's base. In some cases, this constriction thermal resistance may be greater than the conduction resistance described above [15] . To estimate its value Eqs. (3)- (5) [15] are used.
where Ψ is the dimensionless constriction resistance, calculated according to Eq. (4) and is the area of a thermoelectric module, with being an empirical parameter given by Eq. (5) and the dimensionless contact radius (√ ).
After having crossed the evaporator's wall, the heat evaporates the refrigerant. To calculate the boiling resistance, a boiling coefficient must be estimated. The correlation here used was proposed by Forster and Zuber and is given by Eq. (6) 
A correlation to estimate the heat transfer during condensation inside plain tubes has been employed. These expressions, proposed by Shah [17] , are valid for tubes inclined downward less than 15°. The condensation transfer coefficient is obtained from a combination of Eqs. (7) and (8) 
ℎ = 1.32
Once the vapour has condensed inside the inclined tubes, the heat passes through the walls of those tubes and finally it is released to the ambient. The first mechanism is a heat conduction and it is estimated using Eq. (9) [14] .
The natural convection between the finned tubes and the ambient has been calculated using the experimental correlation proposed by Tsubouchi and Masuda [18] for circular fins. As the fins in the prototype that will be studied later are square an equivalent diameter must be used, see Eq.
(10) [18] .
The heat transfer from the fins are correlated with Eq. (11), where is the Rayleigh number given by Eq. (12), and and 1 parameters calculated with Eqs. (13)- (14), with = ⁄ .
With all these expressions the total thermal resistance of the heat exchanger can be calculated, which is the output of the computational model here presented.
Prototype
The prototype built to study the behaviour of the heat exchanger can be seen in Figure 2 .The main elements, indicated in the figure, are: the evaporator, the vapour line, the condenser (compound by several finned tubes) and the liquid return line. They are held by an aluminium structure made up of bars and four legs. It also has a manometer and a safety valve that keeps the inside pressure under control.
Figure 2. Prototype of the thermosyphon heat exchanger
The heat introduced to the exchanger, that needs to be dissipated, would come from the cold side of the thermoelectric modules that are placed on the lower side of the evaporator. For the experiments, plain electric resistances have been located in that part, in order to easily control the amount of heat that it is passed to the device. After going through the evaporator's wall, the heat introduced to the system warms the refrigerant inside up causing its evaporation. The vapour generated goes up through the vertical tube and, once it is on top of the exchanger, the flow is split into 6 tubes where the vapour condensates releasing the heat to the ambient. To help in this duty and to improve the natural convection between the dissipation system and the ambient, square fins are located on the condensation tubes. After the condensation, the liquid refrigerant returns to the evaporator due to gravitational forces.
All the main components of this system are made of aluminium and their dimensions are described in Table 1 and the refrigerant fluid employed is R-134a [19] . As explained before, the TEMs would be in charge of introducing the heat into the dissipation system. Instead of that, electric resistances, with a base area of 40 x 40 mm², are employed, being placed, evenly separated, in the base of the evaporator and connected to a Wayne Kerr AP10090 electric power supply. With this configuration the two factors examined here can be controlled.
The occupancy ratio is the first factor. It is defined by Eq. (15) and represent the area that would be covered by the modules in relation to the total area available for the heat transfer, in this case the evaporator's base. The second factor is the heat power to be dissipated, which is controlled by the power source to which the electric resistances are connected.
To ensure a good contact that allows a proper heat transfer between the electric resistances and the evaporator's base a metal plate is screwed to tighten the assembly. Furthermore, a graphite sheet is put between these resistances and the evaporator. This reduces the contact thermal resistance, which is key in these applications [20] . The graphite sheet has a thermal conductivity of 10 W/mK and a thickness of 0.127 mm [21] . With all these variables measured, the thermal resistance per module of the heat exchanger can be calculated according to Eq. (16). This is one of the main parameters under study in this paper and it is used to evaluate the thermal performance of the dissipation system.
Results and Analysis
Once the prototype and the computational model have been presented, this section contains the results of the experimentation as well as the simulation values of the thermal resistance. With them, a validation of the computational model has been made.
Experimental and Computational Results
Four different values for the occupancy ratio and six for the power to be dissipated have been tested. However, due to the limit of the maximum electric power that can flow through the electric resistances employed in the prototype, some values, related to low occupancy ratios, have been omitted from the experiments. For the 15 different cases studied, three replicas have been reproduced. The ambient temperature, inside de climatic chamber, has been set constant along the experiments. The parameters measured in the experiments were, as it was explained before, the temperature in the evaporator's base, the ambient temperature and the voltage and current supplied to the electric resistances, with which the power to be dissipated can be easily calculated with Eq. (17).
̇= · (17)
After the experimentation the thermal resistance of the exchanger can be calculated using Eq. (16) . The values of this parameter and the input variables are shown in Table 2 . The overall uncertainty has been calculated too, based on Coleman's work [22] . This overall uncertainty is composed of the random standard uncertainty for the mean (three replicas of every scenario have been carried out) and the systematic standard uncertainty, which is calculated with Eqs. (18) and (19) for every parameter. 
Model Validation
The results of the simulation are shown as well in Table 2 . The relative error between the simulated and experimental values of the thermal resistances is estimated through Eq. (20).
A statistical analysis can be made to the values of the relative error. This sample can be described as a normal distribution with mean -0.13 and standard deviation 4.06. Therefore, the model predicts the thermal resistance of the heat exchanger with a relative error in the interval [-8.09;
7.83] percent in the 95% of the cases. Besides, as it can be seen in Figure 4 , all the relative errors are within the range ±9 %. The computational model has also a good convergence rate, being able to solve each case in less than 3 seconds. These facts together with its versatility make the model a good optimization tool for the heat exchanger design. As several geometry parameters can be modified and different configurations can be taken into account, it is easy now to study different thermosyphons heat exchangers with phase change trying to reduce their value of the thermal resistance. This would have an impact on the amount of electric power generated, when they are placed on the cold side of TEGs.
Thermosyphons with Phase Change Applied to TEGs
The final goal of this work is to assess the improvements of the use of thermosyphons heat exchangers with phase change in TEGs that are focused on the harvesting of waste heat from industrial processes. Having no auxiliary consumption, due to the lack of fans or pumps, these heat exchangers allow to make use of the whole electric power obtained from the TEG, in contrast to traditional dissipaters, where part of the electricity produced must be employed to feed the dissipation system itself. That is why it is so crucial to calculate not only the total amount of electric power produced but also the net power generated [23] .
To prove this enhancement, an analysis has been made comparing the use of this kind of passive dissipaters with common finned heat exchangers applied to a specific TEG. The case chosen here has been taken from a previous study [1] , in which a TEG used the heat of the smoke from a paper mill's combustion boiler (temperature of the smoke: 200 °C) to produce electricity. In that study, the authors considered a 1 m duct height, with squared base area of 0.88 m (which corresponded to 3.52 m² of surface area) containing 320 TEMs. They provided Eq. (21) , with which the electric power generated could be estimated, just knowing the thermal resistances of the heat exchangers placed on both sides of the TEMs. The proposal here is to replace the outside finned dissipaters with thermosyphon heat exchangers with phase change, removing, in this sense, the necessity of a fan. For that, the thermal resistance of this passive heat exchanger is calculated with the model presented in this work, and the total electric power is estimated using Eq. (21).
Two configurations for the thermosyphon are proposed and compared to the previous study [1] .
In order to provide valid comparisons, the occupancy ratio is set to 0.145, corresponding to 320
TEMs with base 40 x 40 mm 2 installed on 3.52 m² of chimney surface [1] . The heat exchanger in the hot side is also maintained, so a thermal resistance of 0.338 K/W is used in Eq. (20) .
In the first configuration, sixteen thermosyphons similar to the prototype presented in section 3
have been selected, that is, four thermosyphons for each face of the chimney. The design has been modified in order for each thermosyphon to be able to dissipate the heat that comes from 20 TEMs the total electric power that could be generated would be of 711 W (202 W/m²), lower than using finned dissipators. However, as this system does not require any auxiliary consumption, the net power is also 711 W, which is a 6 % higher.
For the second configuration, the design of the thermosyphon is improved in order to increase the net electric generation. To properly do so, a design-of-experiments-based statistical optimization has been carried out. This is one of the best optimization methods, because it gives the widest objective information with the smallest number of runs [24] . Statistical software Statgraphics has been used. The factors here considered are: occupancy ratio, evaporator's base thickness, condensation tube's length, fin's height and distance between them. A screening factorial design (resolution V+) was used, with a total of 32 runs. The low and high levels of each factor are specified in Table 3 . The thermal resistance per module is the response variable here considered and the goal is to minimize its value. The solution for the 32 runs have been calculated with the computational model. For each run, the ambient temperature was set to 22 °C and the power that needs to be dissipated was set equal to 300 W, which are the same conditions considered for the heat exchangers in the previous study [1] . The results are shown in Table 4 and the influence of every parameter can be checked in the Pareto diagram, Figure 5 . As expected, factor B (evaporator's base thickness) and its related interactions with other factors turn out not to be significant, with significance level of 0.05. Besides, the occupancy ratio is the most significant factor followed by the height of the fins and the length of the tubes, which correspond to the condenser part of the heat exchanger.
According to these results, the thermal resistance of this system can be decreased by an enhancement of the length of the tubes and the size of the fins, the most significant parameters after the occupancy ratio, which must be maintained equal to the value considered in the previous study. Increasing the length of the condenser tubes to 5 m, adding 2 more tubes to the branches and placing 50 x 50 mm² square fins, which is a 56 % more convective area, the thermal resistance per module decreases to a value of 0.44 k/W. In this new case, the total electric power that could be generated is 912 W (259 W/m²), and, as it happened with the first configuration, there is no extra consumption. This represents an increase in 36 % of the net electric generation. Figure 6 shows the comparison between these 3 cases that have been explained, revealing the importance of including the auxiliary consumption in the final estimations of the total electric power available from the thermoelectric generator.
The reduction of the cold side thermal resistances of the TEG would have an impact on its efficiency, since it causes an increase in the total electric power generated and would cause a rise in the amount of heat absorbed from the smoke. But, as there is no way to calculate that heat absorbed, it is not possible to estimate the efficiency of the TEG. However, it has been already proven that an increase in the electricity generated implies an increment in that efficiency [23, 25] .
Consequently, an increase in the efficiency of the TEG is expected when using thermosyphons with phase change that reduce the thermal resistances of the cold side. 
Conclusions
A study of the use of passive heat exchangers based on the thermosyphon effect with phase change applied to thermoelectric generators has been accomplished. It has been developed a computational model that is able to predict the behaviour of this kind of heat exchangers. The way this model has been developed turns this software into a useful design tool, considering that several parameters can easily be modified and it takes few seconds to obtain a new solution.
A prototype has also been built to prove the performance of this passive systems. Finally, the use of this thermosyphons heat exchangers with phase change placed in the cold side of a TEG has been studied. The TEG analysed generates electricity using the waste heat that comes from the chimney of a boiler. This solution has been compared to a previous study in which finned dissipaters were employed as cold-side heat exchangers and where an extra electric consumption was required to feed the fans of the devices. This auxiliary power consumption decreases the net electric generation and, because of that, passive systems, as the thermosyphons with phase change presented here, turn out to be a real alternative. Besides, this kind of heat exchangers would reduce the maintenance of the whole system due to the lack of moving parts.
As it has been proven, using a thermosyphon with phase change with a higher thermal resistance (compared to the one of a finned dissipater) does not improve the total electric power generated, but it enhances the net generation, which is the useful electricity that can be employed at the end.
Specifically, an increase of a 6 % in the net generation can be achieved.
Furthermore, the design of the thermosyphon can be improved by increasing the condensation area in order to get lower thermal resistances, and consequently, rise the electric power that can be obtained up to 912 W, that is 259 W/m², which represents a 36 % more than the net electric power generated using finned dissipaters.
